Abstract
INTRODUCTION
Different organic pollutants have been studied with regard to their persistence in the environment.
In water the concenr in even greater, since this resource is more and more scarce when it come to drinking standards. Thus, different treatment processes have been studied, since conventional methods of wastewater treatment (physical-chemical and biological) are not able to promote the degradation of more persistent compounds such as pharmaceuticals (NAPOLEÃO et al, 2015) polycyclic aromatic hydrocarbons (ROCHA et al, 2014) , plasticizers, perticides, hormones and phenolic compounds (ZAIDAN et al, 2016) .
In order to detect these pollutants in aquatic matrices, and at different levels of concentration, the effectiveness of treatments such as advanced oxidation processes (AOP) has been evaluated (SANTOS-JUANES et al, 2011) , as well as the adsorption processes (RAJABI et al, 2016) . Different types of AOP have show good results, since they act by oxidizing the organic compounds, through the release of the hydroxyl radicals, which lead to the mineralization of the organic matter releasing inorganic compounds, CO2 and H2O. Among the most used AOP are the Fenton reaction, which occurs in the presence of Fe 2+ ions, combined with a strong oxidizing agent, such as hydrogen peroxide (H2O2); The photo-Fenton process, which in addition to the Fenton reagents employs ultraviolet (UV) or visible radiation; the UV/H2O2 action, in which there is only the combination of H2O2 and radiation; and photolysis, that involves, only, the use of radiation (ARAÚJO et al, 2016) . These processes act differently, depending on, among other factors, the pollutant in question.
In the case of the degradation of pharmaceuticals, studies have revealed that the processes involving the presence of radiation in conjunction with H2O2 present more satisfactory results (CARLSON et al, 2015; NAPOLEÃO et al, 2018) . This is because the radiation action leads to the photo-decomposition of this reagent, which generates hydroxyl radicals capable of promoting the oxidation of highly complex organic pollutants (NAVARRO; GABALDÓN; GÓMEZ-LOPEZ, 2017; LIMA; ALMEIDA; PAULA, 2016) . Such decomposition mechanism is described in Equations 1 to 3. H2O2 + hv → 2 . OH (1) OH + . OH → H2O2
2 H2O2 → 2H2O + O2
The oxidizing power of hydroxyl radicals is often increased with the help of iron ions, which act to catalyze the reaction (BRITO; SILVA, 2012). In the photo-Fenton process, the hydroxyl radicals act to regenerate Fe 3+ ions, which undergo a process of reduction (COSTA et al, 2014) according to Equation
4.
Fe 3+ + H2O2 + hv → Fe 2+ + H + + -OH
Studies on the combined performance of conventional treatments with AOP processes (Fenton process) to the degradation of phenol were able to promote a degradation of 99.7% of the compound, which presents in a recalcitrant way in aquatic matrices (SKORONSKI et al, 2015) . In the same sense, the photo-Fenton process has also been shown to be efficient in the removal of pharmaceutical contaminants present in water. Giri and Golder (2015) observed the application of this type of treatment to the drug dipyrone and obtained a degradation of 96.40%. and Funai et al (2017) achieved 100.00% degradation by applying the same process to degrade the magnesium and sodium valproate drugs in aqueous medium.
In order to evaluate the percentage of degradation of the most diverse pollutants, it is necessary to have adequate analytical techniques. Among the most used ones is the chromatography, being the high-performance liquid chromatography (HPLC) used in the identification and quantification of pharmaceuticals (BIALK-BIELINSKA et al, 2016; PEAKE et al, 2016) . To ensure greater reliability of the results, the methodology validation has been used, so that the analyzes can be said to be precise and accurate (ZANCHETA; PENA; GONÇALVES, 2015) . Regarding the determination of organic matter levels, two parameters are the most applied, the chemical oxygen demand (COD) and the total organic carbon (TOC) (LUAN et al, 2017) . It is based on the evaluation of these parameters that the kinetic monitoring of the degradation of pharmaceuticals by AOP is carried out. Based on that, the time in which the pollutants are mineralized can be determined (NAPOLEÃO et al, 2013) .
Although advanced oxidative processes are well known and reported in the literature, it is sometimes difficult to clearly state the influence of the reaction parameters, especially when it is desired to apply such processes on an industrial scale. Based on this, some authors have made use of artificial neural networks (ANNs) to provide predictive models capable of adjusting nonlinear data of complex systems (JALIL et al, 2014; MORAES et al, 2016) . Moraes et al (2016) state that a photooxidation process can be described efficiently through an ANN using the experimental data of total organic carbon as the output variable.
In addition to evaluating the parameters involved in AOP, their kinetic models and efficiency in the degradations of compounds considered to be persistent, recent studies show that just promoting the degradation is not enough. It is essential too, to carry out experiments evaluating the toxicity of the intermediates formed during the treatment (NAPOLEÃO et al, 2018) . In this sense, researches have been carried out with the purpose of evaluating the environmental risks caused by the pollutants, as is the case of pharmaceuticals, compounds widely used by the population, which are often discarded in an improper way (VALCÁRCEL et al, 2011; PINTO et al, 2016) .
Among the various classes of drugs studied are the anti-inflammatories, which includes nimesulide and ibuprofen. Nimesulide also has antipyretic and analgesic properties and is used in the treatment of febrile conditions, inflammatory processes related to the release of prostaglandins, besides being prescribed as an analgesic for dental infections and postoperative pain (SILVA;
MENDONÇA; PARTATA, 2014). Ibuprofen is indicated for the relief of fever, trauma, headache, muscle and joint pain, as well as dental inflammation, sore throat and other symptoms associated with colds and flu (STOYANOVA, VINAROV, TCHOLAKOVA, 2016) . These drugs are, therefore, widely used by the population, and somehow returned to the environment through the excretion process. In addition, they reach the environment coming from the production process itself, through the disposal of wastewater treatment plants of pharmaceutical industries (CHRISTOU et al, 2017; EBELE et al, 2017) .
In this context, the present work aims to evaluate the efficiency of the degradation of nimesulide and ibuprofen in aqueous solution using different types of advanced oxidation processes. The study also sought to evaluate the most efficient AOP degradation kinetics, to use mathematical modeling using artificial neural networks and to verify the toxicity of the reaction intermediates against the Degradation tests were performed using two types of advanced oxidative processes: photo-Fenton (tests containing iron) and UV/H2O2 action (tests in absence of iron). For this, glass beakers (80 mL) filled with 50 mL of an aqueous solution containing the pharmaceuticals under study were used.
Which were placed in a sunlight reactor, with 2 exhaust fans, operating with a 300W ultra-vilatux lamp of the OSRAM brand (Figure 1 ).
Figure 1 -Schematic representation of the bench reactor using sunlight seeds of Lactuta Sativa (lettuce), Cichorium endívia (chicory), Ocimum basilicum (basil) and Americano
Hard grain (wheat).
MATERIAL AND METHODS

Identification and quantification of the pharmaceuticals nimesulide and ibuprofen
An analysis of the drugs under study was carried out in high performance liquid chromatography (HPLC) equipment (Shimadzu), with ultraviolet-visible (UV/Vis) detection system equipped with ULTRA C18 column (5μm; 4.6 mm x 250 mm) operating in reverse phase. The mobile phase employed a solution of acidified water with 0.1% acetic acid and acetonitrile with volumetric ratio of 65:35 and a flow of 0.700 mL•min -1 . The oven temperature was maintained at 40 ±1ºC and the pressure at 53 kgf•cm -2 . Then, analytical curves were constructed in a concentration range between 0.1 and 1 mg•L -1 .
The stock solution (10 mg•L -1 ) of each pharmaceutical was prepared in a 9:1 mixture of acetonitrile and methanol.
Then, the methodology used was validated and the following parameters were analyzed: linearity, detection limit (LOD), quantification limit (LOQ), precision and accuracy. The linearity evaluation was performed based on the construction of the analytical curve and determination of the correlation coefficient (r). The precision of the method, based on the coefficient of variation (CV), as well as the accuracy were determined based on the recovery method, through the sample fortification procedure.
The verification of the quantification and detection limits were performed according to INMETRO (2011) . Equations 1 to 4 were used in the determination of such parameters and are set out in Table 1 . 
2.2 Degradation of the pharmaceuticals by AOP using bench reactors seeds of Lactuta Sativa (lettuce), Cichorium endívia (chicory), Ocimum basilicum (basil) and Americano Hard grain (wheat).
MATERIAL AND METHODS
Identification and quantification of the pharmaceuticals nimesulide and ibuprofen
An analysis of the drugs under study was carried out in high performance liquid chromatography Then, the methodology used was validated and the following parameters were analyzed: linearity, detection limit (LOD), quantification limit (LOQ), precision and accuracy. The linearity evaluation was performed based on the construction of the analytical curve and determination of the correlation coefficient (r). The precision of the method, based on the coefficient of variation (CV), as well as the accuracy were determined based on the recovery method, through the sample fortification procedure.
MATERIAL AND METHODS
Identification and quantification of the pharmaceuticals nimesulide and ibuprofen
The verification of the quantification and detection limits were performed according to INMETRO (2011) . Equations 1 to 4 were used in the determination of such parameters and are set out in Table 1 . Precision Xm it's the arithmetic average of the number of measurements, xi the individual value of the measurement and n the number of measurements.
CV ( Degradation of the pharmaceuticals nimesulide and ibuprofen using photo-Fenton process: toxicity studies, kinetic modeling and use of artificial neural networks 5 Degradation tests were performed using two types of advanced oxidative processes: photo-Fenton (tests containing iron) and UV/H2O2 action (tests in absence of iron). For this, glass beakers (80 mL) filled with 50 mL of an aqueous solution containing the pharmaceuticals under study were used.
Which were placed in a sunlight reactor, with 2 exhaust fans, operating with a 300W ultra-vilatux lamp of the OSRAM brand ( Figure 1 ). Table 2 contains the planning matrix used in this work, as well as the description of factor levels. It will be seen from this Table that the tests 1 to 4 refer to the photoperoxidation process, whereas the tests 5 to 11 employ the photo-Fenton process. - (1) - (14) -(absence of iron) 2 + (3) - (14) -(absence of iron)
- (1) - (14) + (4.4)
The identification of the working condition was performed through the analysis of total organic carbon (TOC) and chemical oxygen demand (COD). The first of the analyzes was quantified on a Shimadzu high sensitivity TOC equipment (TOC-Vcsh model), with a concentration range of 4 ng•L -1 a 25.000 mg•L -1 . The determination of TOC was done indirectly, from the difference between total carbon (TC) and total inorganic carbon (TIC), while the COD measurements were performed using the 5220D spectrophotometric method contained in the Standard methods for the examination of water and wastewater (APHA, 2012).
After the best working condition was determined, the degradation of the drugs via HPLC was evaluated. For this analysis, the solutions underwent an extraction step employing strata-X polymer cartridges operating in reverse phase (500 mg/6 mL -Allcrom). The stationary phase was conditioned with two aliquots of 5 mL of acetonitrile (J.T.Baker), and two aliquots of 5 mL of ultra-pure water.
Kinetic study: adequacy to the grouped kinetic model
In the best working conditions, identified in the factorial design study, tests were carried out to quantify the kinetic evolution of TOC as a function of time. The suitability of the proposed study to the lumped kinetic model (LKM) was evaluated (ZHANG; CHUANG, 1999) . This model describes the profile of the total residual concentration in terms of carbon contained in the liquid phase (Cr), dividing the species formed into three: A) encompasses the pharmaceuticals and intermediates susceptible to oxidation (non-refractory), B) represents the refractory organic species arising from the oxidation of A and C) involves all the carbon dioxide formed from the complete oxidation of organic species.
Mathematical evaluation: application of artificial neural network
In the artificial neural network was simulated to predict the conversion of TOC, using as input parameters, time, H2O2 concentration, iron ions concentration and chemical oxygen demand analyzes.
In the ANN construction, to approximate the forward transmission characteristics, a multilayer perceptron (MLP) type configuration was used. For this, the propagation of the network input signal was performed through the neurons distributed in it, as well as in the hidden layer and its output. The MLP used the learning of the backpropagation algorithm of the network, guaranteeing a greater convergence in its learning.
Toxicity assessment
Knowing that after the use of the AOP, intermediates are formed, the toxicity of the treated solution, as well as the samples before treatment, were evaluated using the seeds of Lactuta Sativa (lettuce), Cichorium endívia (chicory), Ocimum basilicum (basil) and Americano Hard grain (wheat). For the bioassays were used Petri dishes filled with filter paper, in which 10 seeds and 2 mL of the test solution were placed in each plate. Deionized water was used as negative control and a 3% boric acid solution as positive control. The Petri dishes were kept at 25±1ºC, in the absence of light, for a period of 72h (grain) and 120h (seeds). Finally, after the incubation time, the number of germinated seeds and the root growth of each one was observed. Then, the relative growth rate (RGR) and germination index (GI) were calculated according to the methodology proposed by Young et al, 2012 .
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Degradation of the pharmaceuticals nimesulide and ibuprofen using photo-Fenton process: toxicity studies, kinetic modeling and use of artificial neural networks min. Once the suitability of the proposed methodology to identify the drugs under study was verified, the validation step was carried out to guarantee the reliability of the quantification process. It is noteworthy that the determination of the nimesulide drug is carried out on the ultraviolet scale since this pharmaceutical has in its molecular structure a weakly acidic methanesulfonamide group, which dissociates the pH dependence of the reaction medium. Pereira et al (2011) also stated that when performing a determination of pKa of nimesulide by spectrophotometry, at pH values between 2 and 10, the presence of isosbestic peaks around 270 nm and 340 nm is observed, ensuring that the species can be evaluated with the same safety in both. As for ibuprofen, Borges; Goraieb; Collins (2012) states that at pH between 5 and 7 there are no major chances in the pKa value, so the range used in this work does not compromise the spectrophotometric analysis.
From the dilutions of the stock solution, the analytical curves were constructed, taking as response the areas of the different concentrations analyzed. To evaluate the dispersion of the values of these concentrations, a statistical analysis was performed, based on the calculation of the standard deviation between them, using Grubbs test for 95% confidence (GRUBBS; BECK, 1972). Based on the results obtained and described in Since the data obtained were coherent, the analysis of linearity was done by constructing the analytical curve and calculating the correlation coefficient (r), as can be observed in Based on the results obtained and described in Since the data obtained were coherent, the analysis of linearity was done by constructing the analytical curve and calculating the correlation coefficient (r), as can be observed in Based on the results obtained and described in Since the data obtained were coherent, the analysis of linearity was done by constructing the analytical curve and calculating the correlation coefficient (r), as can be observed in After verifying the linearity of the method for the two pharmaceuticals, the precision was analyzed, based on the quantification of the coefficient of variation. The CV values obtained for each one of the concentrations are described in Table 4 . After verifying the linearity of the method for the two pharmaceuticals, the precision was analyzed, based on the quantification of the coefficient of variation. The CV values obtained for each one of the concentrations are described in Table 4 . In order for the method to be considered precise, it is necessary that the values of CV are lower than 20%, which was observed for all concentrations analyzed (INMETRO, 2011) . Then the analysis of the accuracy of the method was performed, and the following percentages of recuperation were 
Degradation of pharmaceuticals by AOP using bench reactor
Initially, for an aqueous solution containing the drug mixture nimesulide (50 mg•L -1 ) and ibuprofen (50 mg•L -1 ) the efficiency of the direct photolysis process was evaluated and an organic matter conversion on less than 40% was verified for both compounds. Subsequently, this same solution was subjected to COD analysis, as well as total organic carbon before and after the degradation process. In order to verify the best working condition, a study of factorial planning was carried out, the results which are show in Table 5 . Figure 5 ).
It is worth noting that, in order to verify that there was no interference of the hydroxyl radicals in the COD analysis, residual peroxide tests were performed using a colorimetric method with Mquant test strips (Merck), with H2O2 ranging from 0 to 25 mg.L -1 . It was then verified that the amount of H2O2
residual at the end of the treatment was less than 1 mg.L -1 , and the analysis of the organic matter could be performed without interference from the reagents. Similarly, the residual iron concentration presented was properly precipitated with NaOH (0,1 M) by raising the reaction pH to the basic medium so as not to interfere with the TOC analysis. The analysis of figures 5a) and 5b) indicates that all major effects were statistically significant at 95% confidence as well as interactions effects, except for the interaction between [H2O2] and time.
Thus, for a better understanding of the behavior of the interactions between the variables studied in the conversion of COD and TOC, surface graphs were generated, which can be observed in Figure 6 and time
Kinetic study: adequacy to the grouped kinetic model
In the best working condition, the concentrations of the two drugs under study were evaluated by HPLC, finding that the photo-Fenton process degraded 89.70% of nimesulide and 93.35% of ibuprofen. Based on the best experimental conditions described above, a kinetic study was carried out by monitoring the total organic carbon concentration. The description of the experimental results for the TOC concentration together with the relation between the TOC and the initial TOC (TOC0) are described in Table 6 . Table 6 it is possible to verify that a conversion of 90.04% of the organic matter was , the values of k1, k2 e k3 were determined being respectively 0.024 min -1 , 0.010 min -1 e 0.005 min -1 . These results indicate that the mineralization of the pharmaceuticals plus the non-refractory intermediates (k1 = 0.024 min -1 ) occurs at a higher reaction rate than the degradation in refractory intermediates (k2 = 0.010 min -1 ). However, the mineralization of the refractory intermediates has a lower reaction rate (k3 = 0.005 min -1 ) than the other reactions involved. This indicates that the group of pharmaceuticals plus the non-refractory intermediates has a greater tendency of mineralization when compared to the formation of refractory intermediates. Thus, the graphs for the adjusted kinetic model fit and the comparative analysis of the theoretical and experimental TOC values can be constructed, as can be observed in Figure 7 .
In the best working condition, the concentrations of the two drugs under study were evaluated by HPLC, finding that the photo-Fenton process degraded 89.70% of nimesulide and 93.35% of ibuprofen. Based on the best experimental conditions described above, a kinetic study was carried out by monitoring the total organic carbon concentration. The description of the experimental results for the TOC concentration together with the relation between the TOC and the initial TOC (TOC0) are described in Table 6 . Table 6 it is possible to verify that a conversion of 90.04% of the organic matter was reached after 360 min ([COT] = 602.80 mgC•L -1 ). With these data, we could then verify the adequacy to the kinetic group model as well as to determine the apparent velocity constants k1, k2, e k3 from
Equation 8. The values of the constants were obtained through non-linear interpolation applied to the data found using the Microsoft Office Excel solver tool. The method of minimizing the quadratic sum of the residues was used in the software.
Thus, based on Equation 8, the values of k1, k2 e k3 were determined being respectively 0.024 min -1 , 0.010 min -1 e 0.005 min -1 . These results indicate that the mineralization of the pharmaceuticals plus the non-refractory intermediates (k1 = 0.024 min -1 ) occurs at a higher reaction rate than the degradation in refractory intermediates (k2 = 0.010 min -1 ). However, the mineralization of the refractory intermediates has a lower reaction rate (k3 = 0.005 min -1 ) than the other reactions involved. This indicates that the group of pharmaceuticals plus the non-refractory intermediates has a greater tendency of mineralization when compared to the formation of refractory intermediates. Thus, the graphs for the adjusted kinetic model fit and the comparative analysis of the theoretical and experimental TOC values can be constructed, as can be observed in Figure 7 . Comparison between theoretical and experimental TOC values Figure 7 show a good correlation between the data obtained experimentally and the calculated theoretical data, indicating that the adopted kinetic model can be applied satisfactorily to the TOC conversion over time. This verification is corroborated by the value of the linear regression coefficient (R 2 ) that was equal to 0.993.
Mathematical evaluation: application of artificial neural networks
Once the kinetic data for degradation of the pharmaceuticals ibuprofen and nimesulide were found to be well adapted to the grouped kinetic model, the mathematical evaluation using artificial neural networks was applied. The descriptive statistics of the five variables used in ANN are contained in Table 7 . Through the analysis of Table 7 it is possible to verify in the training and in the test a conversion of 90.04%, while in the validation the conversion rate of total organic carbon was 89.99%. The optimization of the ANN topology is probably the most important step in the development of the 
Once the kinetic data for degradation of the pharmaceuticals ibuprofen and nimesulide were found to be well adapted to the grouped kinetic model, the mathematical evaluation using artificial neural networks was applied. The descriptive statistics of the five variables used in ANN are contained in Table 7 . Through the analysis of Table 7 Thus, the ANN for the photo-Fenton/sunlight system used in the degradation of nimesulide and ibuprofen pharmaceuticals presented a linear regression coefficient (R 2 ) equal to 1.00 for training, testing and validation when using MLP model 4-1-1. The training algorithm used was the BFGS 4567, the SOS error function, using as an activation function an internal layer logistic and output Tanh.
To calculate training, validation and test errors, all outputs were performed on an inverse interval scale to return the predicted responses to their original scale. Then, these data were compared with the values obtained experimentally. The ANN used in this work provided the weights listed in Table 8 . Thus, the ANN for the photo-Fenton/sunlight system used in the degradation of nimesulide and ibuprofen pharmaceuticals presented a linear regression coefficient (R 2 ) equal to 1.00 for training, testing and validation when using MLP model 4-1-1. The training algorithm used was the BFGS 4567, the SOS error function, using as an activation function an internal layer logistic and output Tanh.
To calculate training, validation and test errors, all outputs were performed on an inverse interval scale to return the predicted responses to their original scale. Then, these data were compared with the values obtained experimentally. The ANN used in this work provided the weights listed in Table 8 . In Figure 10a ) it can be verified that the prediction model presented a good fit, with a linear regression coefficient (R 2 ) equal to 1.000, confirming that the neural network model reproduces the conversion of the TOC in the system, within the ranges used in the assembly model. 
Toxicity analysis
To evaluate the toxic effects of the aqueous solution before and after the AOP treatment, toxicity tests were performed. The results of the bioassay averages, in triplicate, are show in Table 9 . It is worth mentioning that the tests performed with the positive control did not present germination. From Table 9 it can be inferred that number of seeds germinated when in contact with the solution before treatment were less when compared with the ones in contact with water, which indicates the presence of toxicity. A similar result was obtained by researches who evaluated the toxicity of pharmaceutical effluent for seeds, in which an inhibition of germination was verified (NAPOLEÃO et al, 2018) .
The solution after the treatment behaved analogously to the negative control for the different concentrations evaluated, being possible to state that the compounds formed after the applied treatment do not present toxicity in relation to the species studied, with respect to germination.
However, this study is not sufficient to assert that there is no toxicity of the analyzed compounds, and it is necessary to verify the root length (Table 10) . The results shown in Table 10 show that although some seeds may survive in potentially toxic medium (SBD), their development has suffered sublethal effects (inhibition of root development).
Whereas after the treatment, no relative toxic effect was observed in the seeds. These data agree with those obtained by Napoleão et al (2014) , who evaluated the toxicity of a pharmaceutical effluent submitted to the photo-Fenton process, against the Lactuta sativa seed and the Americano Hard grain.
Finally, for a better understanding of the results, the germination index (GI) and the relative growth rate (RGR) were determined for the studied species, as can be observed in Table 11 . The analysis of Table 11 shows that there was interference in both the RGR and the GI of all studied species in the solution before treatment. On the other hand, the solution treated through the photo-Fenton process did not show a significant difference in relation to the indices evaluated, when compared to the behavior of the negative control. This indicates that the solution after treatment is less toxic than the initial sample containing the pharmaceuticals nimesulide and ibuprofen.
CONCLUSION
The present work allowed to verify that the photo-Fenton process was efficient in the treatment of Americano Hard grain (wheat) were analyzed. Verifying that the seeds that received the solution before the AOP had a reduction of the germination, which was not observed when adding the solution after treatment. To complete the toxicity study, the root growth of the studied species was evaluated and no toxic effect was detected. The analysis of Table 11 shows that there was interference in both the RGR and the GI of all studied species in the solution before treatment. On the other hand, the solution treated through the photo-Fenton process did not show a significant difference in relation to the indices evaluated, when compared to the behavior of the negative control. This indicates that the solution after treatment is less toxic than the initial sample containing the pharmaceuticals nimesulide and ibuprofen.
The present work allowed to verify that the photo-Fenton process was efficient in the treatment of Americano Hard grain (wheat) were analyzed. Verifying that the seeds that received the solution before the AOP had a reduction of the germination, which was not observed when adding the solution after treatment. To complete the toxicity study, the root growth of the studied species was evaluated and no toxic effect was detected.
